In this paper, a differentially fed, wideband dual-polarized patch antenna with filtering response is proposed. A novel E-shaped feeding structure with one end shorted to the ground is proposed to excite a square patch antenna, and an extra resonant mode is induced, which leads to a wider operation band. Besides, symmetric open/short-circuited stepped impedance resonators (O/SCSIRs) are proposed to generate the third resonant mode. And the bandwidth is further improved. Moreover, the gain-suppression level outside the operation bands is greatly enhanced as the introduction of O/SCSIRs. A prototype of the proposed antenna is fabricated and tested. Measured results show that the proposed antenna has a wide operation band of 22.2% (3.12-3.9 GHz) for active VSWR < 1.5. Stable in-band gains of 8.1 ± 0.3 dBi and unidirectional radiation patterns are also obtained. Moreover, the out-of-band gain suppression level is better than 18.5 dB. A 1 × 4 liner array is also developed to validate our design. Good radiating performance of the proposed antenna makes it a promising candidate for 5G Sub-6 GHz base station applications.
I. INTRODUCTION
With the explosive development of wireless communication industry in recent years, more challenges are put forward for base station antennas in the fifth generation (5G) communication systems, such as more compact sizes, wider operation bands, lower profiles, lower costs, as well as higher selectivity.
In base station antenna systems, wideband dual-polarized antennas are widely used to increase the channel capacity. To enhance the impedance bandwidth of dual-polarized antennas, various methods are applied, such as using folded dipoles with shorting stubs [1] , loading parasitic structures [2] - [4] , using feeding structures of different resonant modes [5] and shifting different resonant modes together with shorting pins and slots [6] . Meanwhile, as the operating frequency of 5G base station antennas are mostly higher than 2/3/4G, the manufacturing accuracy makes it a trend for antennas to have simpler structures, easier to be fabricated, as well as lower profiles. Besides, as various The associate editor coordinating the review of this manuscript and approving it for publication was Andrei Muller .
antennas are integrated together to achieve multiple functions, the electromagnetic environments get worse, which makes it an urgent demand for interfere-suppression. Thus, antennas with filtering responses are highly demanded for base station antennas. In filtering antenna designs, filtering structures are largely integrated with antennas to get high out-band gain-suppression levels [7] - [11] . Although this may introduce some insertion loss, good filtering responses can also be obtained. For example, dual-mode stub-loaded resonators are proposed in [7] to excite two radiating patches, and excellent filtering response of the realized gain is generated. In [10] , filtering baluns are integrated into the feedline, and a dual-polarized dielectric resonator antenna with good high selectivity is designed. In recent years, some other filtering antennas with less filtering structures or without filtering structures are also proposed for simplify designs [12] - [20] . For example, in [12] , by etching open slots on a square radiating patch, radiating nulls are observed outside the operation band. The antenna has a simple structure and the two radiation nulls can be individually tuned by changing lengths of the slots. In [15] , two orthogonal H-shaped feed lines are proposed to excite the driven patch, and a radiation null is observed at lower band. With a stacked patch added, an additional radiation null is generated at upper band. In [16] , different parasitic patches are introduced in a rectangle radiating patch, by changing the electric and magnetic coupling characteristics of the two parasitic patches, two radiation nulls are achieved. In [17] and [18] , simple open stubs are proposed to excite dielectric resonator antennas with good bandpass filtering responses. In [19] , a ring slot and a series of shorting vias are introduced into a triangular patch, and a quasi-elliptic bandpass response is obtained.
However, in most of the dual-polarized antenna designs, especially for base station antenna designs, wide operation band with stable radiating performances, compact sizes and high selectivity should all be taken into consideration. In view of this, a differentially-fed, dual-polarized antenna with wide operation band and good filtering response is proposed in this paper. A novel E-shaped feeding structure is introduced to excite the square radiating patch. With one end of it shorted to the ground, an extra resonant mode is observed. Besides, with four open/short-circuited stepped impedance resonators (O/SCSIRs) integrated into the feedlines, a good bandpass filtering response is achieved, as well as an additional resonant mode and a better impedance matching performance. Both the antenna element and 1×4 liner array is fabricated and tested to validate our design. The detailed design process and measurement results are discussed in the following sections.
II. ANTENNA DESIGN AND ANALYSIS
A. ANTENNA GEOMETRY Fig. 1 illustrates the configuration of the proposed wideband dual-polarized filtering antenna. The antenna consists of two layers. The upper layer is a F4B substrate with the dielectric permittivity of 2.65, and thickness of 0.5 mm. The radiating patch and E-shaped feeding structure are printed on the top layer of the upper substrate. One end of each E-shaped feeding structure is shorted to the ground with metal posts. The lower layer is a F4B substrate with the dielectric permittivity of 2.65, and thickness of 0.8 mm. Besides, four pairs of O/SCSIRs are printed on the top layer of the lower substrate. The four ends that close to the center of the substrate are connected to the E-shaped feeding structures with metal posts. The other four ends of the O/SCSIRs are connected with 50 coaxial cables. A metal ground is printed at the bottom layer of the lower substrate with four U-shaped slots. When port1 and port2 are excited with differential signals, a +45 • polarization is generated. Similarly, a −45 • polarization can be obtained when port3 and port4 are excited with differential signals. As the proposed antenna is totally symmetric about the center point, the two polarizations have similar port characteristics and radiation performance. Thus only the performance of the +45 • polarization is displayed for brief demonstration. 
B. BANDWIDTH ENHANCEMENT OF THE PATCH ANTENNA
To explain the operation principal of the proposed antenna, an evolution process for bandwidth enhancement of the patch antenna is shown in Fig. 2 . The corresponding differential VSWRs for the antennas are plotted in Fig. 3 For better demonstration of the resonant characteristics, the equivalent circuit from one port to the radiator and the active input impedance for the antennas are illustrated in Fig. 4 and Fig. 5 , respectively. As the properties of feeding structures change with frequency, the inductances/capacitors for the equivalent circuit are set as variables. It can be seen that the resonant characteristics of Ant.1 is determined by the metal post (L1), the coupling capacitor (C1) and properties of the radiator. Thus, two resonant modes should be observed for Ant.1. One is produced by L1 and C1, the other is produced by the radiator. While, the two resonant modes are too close and merge into one, which can be seen clearly in Fig. 5 . When the shorting posts are introduced (the parallel inductance L2 is added), the overall inductance decreases, and the first resonant mode moves to lower frequencies. Thus, the two resonant modes are separated by the shorting posts, and a wide operation band is obtained for Ant.2, which can also be observed from Fig. 5 . As the O/SCSIR is printed on the lower substrate of Ant.3, the ABCD matrix and S-parameter of the equivalent circuit for it can be calculated as follows: 
The calculated and simulated VSWRs are illustrated in Fig. 6 .
It can be seen that the O/SCSIR provide an additional resonate mode at higher frequency band. When it is introduced into the feedline of Ant.3, a wide operation band with three resonant modes are obtained. Some parameters are studied to investigate the influence of the feedline on the bandwidth of Ant.3. Fig. 7 shows the resonant characteristics change with L2. As illustrated in Fig. 4 , the overall length of the shorting part (L1+L2+0.5 * W4+H2+H3) gets longer as L2 increases, and the inductance is enhanced. Meanwhile, the whole equivalent circuit is capacitive at higher band. As a result, the impedance matching performance gets better at higher frequencies. Fig. 8 shows the resonant characteristics change with W4. It can be seen that the first and third resonant mode move to lower frequencies, with the second one moves to higher band. As the radiator is coupled by the E-shaped feeding structure, the coupling capacitor C1 strengthens when W4 increases, and the overall inductance is furtherly suppressed. Thus, the first and third resonant mode move to lower band. However, length of the shorting pin is also enlarged, and inductance of the shorting pin increases at the same time. As a result, the second resonant mode move towards upper band.
C. FILTERING RESPONSE OF THE PROPOSED ANTENNA
The realized gains of the antennas in the last section and the final design (four U-shaped slots added to Ant.3) are illustrated in Fig. 9 . It can be seen that the O/SCSIRs can provide high selectivity for the patch antenna except for bandwidthenhancement performance. Two radiation nulls are observed outside the operation band for Ant.3 with sharp roll-off. The transfer characteristic for the O/SCSIR can be calculated as follows:
Here, values for A, B, C and D can be get from equation (1) and (2) . Frequencies of the radiation nulls can be obtained when transmission zero occurs, which means S21=0. As the microstrip line with length of θ 3 is designed for impedance matching, the equation can be simplified to Y=0. And then, the transmission zeros can be calculated when equation (5) is satisfied:
where K is the ratio of Z2 to Z1. By properly choosing length and width of the O/SCSIR, two transmission zeros can be obtained, which correspond to the two radiation nulls. To get a better gain-suppression performance, four U-shaped slots are etched on the ground plane. And the realized gain at the higher band is well suppressed.
III. EXPERIMENTAL RESULTS WITH ARRAY APPLICATION
To validate our design, a prototype of the proposed antenna is fabricated and measured, as shown in Fig. 10 . A four-port R&S ZNB20 Vector Network Analyzer is used to measure the differential VSWR and differential port isolation of the antenna. Besides, a SATIMO multi-probe spherical nearfield system is used to measure the realized gain, as well as the radiation patterns, and two 180 • hybrid couplers are connected to each pair of differential ports in measurement process. Fig. 11 shows the simulated and measured active VSWRs and differential port isolations for the proposed antenna. Measured results show that the antenna has a wide operation band from 3.12 GHz to 3.9 GHz for active VSWR<1.5. Three resonant modes can be observed significantly. Besides, the measured in-band isolation between the two polarizations is better than 35.2 dB. Fig. 12 shows the measured realized gain for the proposed antenna. It can be observed that the antenna has a flat in-band gain of 8.1 ± 0.3 dBi. Two radiation nulls can be seen obviously at 2.25 GHz and 3.85 GHz. Besides, the out-band gain suppression level is better than 18.5 dB and 20.2 dB outside the sideband, separately. Besides, measured results show that the antenna has a stable HPBW of 64 • ± 4 • , which is in good agreement with the simulated ones. The measured and simulated radiation patterns for the antenna element at 3.2 GHz, 3.5 GHz and 3.8 GHz are displayed in Fig. 13 . Stable and unidirectional radiation patterns with low cross-polarization levels of better than −21 dB can be observed across the desired band. A four-element liner array is also designed to meet the demand for 5 G Sub-6 GHz base station applications, which is shown in Fig. 14. The scheme diagram for the antenna array of our design is the same with [1] . The space between element centers is 60 mm, which is 0.7 wavelength at 3.5 GHz. Simulated and measured active VSWRs and realized gains are displayed in Fig. 15 . It can be seen that the antenna array has a wide operation band from 3.18 GHz to 3.85 GHz for active VSWR<1.5. The measured in-band gain is 13.4 ± 0.5 dBi. Besides, the out-band gain suppression level is better than 17.1 dB, which indicates a good bandpass filtering response. Fig. 16 shows the simulated and measured radiation patterns of the antenna array at 3.2 GHz, 3.5 GHz and 3.8 GHz. It can be seen that the measured radiation patterns remain unidirectional and stable across the whole operation bands, which are in good agreement with the simulated ones. Besides, the measured HPBWs of the antenna array is 65.7 ± 4.8 • and 17.5 ± 1.7 • in H-plane and V-plane, separately. Excellent radiating performances make it a promising candidate for 5 G array applications.
A comparison between the proposed antenna and the reference antennas is shown in Table 1 . It can be seen that our work VOLUME 7, 2019 has a more compact size than the other antennas. Besides, we have a wider operation band except for [1] and [2] . But their profiles are higher. Moreover, the out-band gainsuppression level in our work is better than the others except for [15] . However, the antenna proposed in [15] has one more layer to generate an extra radiation null, and the complexity is increased. In conclusion, the proposed antenna has a compact size, a low profile, as well as a high selectivity. Excellent radiating performances make it a promising candidate for 5 G base station applications using differential signals.
IV. CONCLUSION
In this paper, a differentially-fed, wideband dual-polarized filtering antenna is proposed. The three resonant modes are generated by novel E-shaped feeding structures with shorting pins, the O/SCSIRs and the square radiation patch, respectively. Besides, the O/SCSIRs offer two extra radiation nulls. Along with the U-shaped slot, the feeding structure contribute to a good bandpass filtering response of the realized gain.Measured results show that the antenna element has a wide operation band from 3.12 GHz to 3.9 GHz for active VSWR<1.5.Besides, the out-band gain suppression level is better than 18.5 dB across the operation band, which indicates a high selectivity for the proposed antenna. A 1×4 liner array is also developed to validate our design. A wide operation band with stable radiation patterns can be observed, as well as a high selectivity of better than 17.1 dB. Finally, good radiating performances of the proposed antenna are obtained, which make it a promising candidate for 5 G Sub-6 GHz base station applications.
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